tubule cytoskeleton in TNF-␣-induced pulmonary endothelial permeability is largely unknown. There is, however, Disruption of the vascular barrier is a prominent feature encouraging evidence that the microtubule network may of acute lung injury syndromes, and results in pulmonary be an important modulator of endothelial barrier function edema formation and subsequent respiratory dysfunction using other agonists, such as nocodazole (8) , light-exposure (1) . Endothelial cell activation is often accompanied by (9) , and hydrogen peroxide (10) . In the present report, we enhanced cellular contraction and formation of intercellular investigated the role of MLCK-independent regulation of gaps, major events leading to pulmonary interstitial edema TNF-␣-induced endothelial cell cytoskeletal changes and (2). The endothelial barrier integrity is the result of a balpermeability. Our results indicate that microtubule destabiance between the tethering and contractile forces acting lization contributes to both TNF-␣-induced endothelial on endothelial cells, which are critically dependent upon cell actin microfilament cytoskeletal changes and barrier cytoskeletal components, including the actin-based microdysfunction via a p38-mitogen-activated protein kinase-(MAPK)-dependent pathway.
Louis, MO). Texas Red-X phalloidin was purchased from Molecu-
Endothelial Monolayer Resistance Measurements
lar Probes, Inc. (Eugene, OR). SB203580 and epothilone B were Electrical resistance of human pulmonary artery endothelial cell from Calbiochem-Novalbiochem Corp. (La Jolla, CA). The antimonolayer was measured using electrical cell impedance sensor VE cadherin antibody was from BD Biosciences-Transduction technique as we have previously described (5) . In this system Laboratories (Lexington, KY), the anti-acetylated tubulin anti-(Applied Biophysics, Inc., Troy, NY), endothelial cells are cultured body was from Accurate Chemicals (Westbury, NY), the antion a small gold electrode (10 -4 cm 2 ) in complete media. The endophospho-p38 MAPK and anti-p38 MAPK antibodies were from thelial monolayer acts as insulating particles and the total resistance Cell Signaling Technology (Beverly, MA), and anti-␤-tubulin antiacross the monolayers is composed of the resistance between the body was from ICN Diagnostics (Orangeburg, NY).
ventral cell surface and the electrode and the resistance between cells. A 4,000-Hz AC signal with 1 V amplitude through a 1 m⍀ resistor created an approximate constant current source (1 A).
The lock-in amplifier attached to the electrodes detects changes
Immunofluorescence
in both magnitude and phase of the voltage appearing across the Human pulmonary artery endothelial cells were cultured to conendothelial cell and was controlled by an IBM-compatible personal fluence in 12-well dishes on coverslips coated with gelatin. After computer, which was used both for data accumulation and proexposure to agonists, endothelial cell monolayers were fixed in cessing. TER increased immediately after cell attachment and 3.7% formaldehyde and then permeabilized with 0.25% Triton achieved a steady state when endothelial cells became confluent.
Thus, experiments were conducted after the electrical resistance X-100. After staining, coverslips were mounted on slides and examachieved a steady state. Resistance data was normalized to the ined under oil-immersion (60ϫ or 100ϫ magnification) using an initial voltage and plotted as a normalized TER. Only wells in Eclipse TE300 inverted microscope (Nikon Inc., Melville, NY).
which the TER achieved Ͼ 5,000 ohms were utilized. Actin was visualized by Texas Red-phalloidin staining (1:200) for 1 h at room temperature. This method enabled the examination of endothelial cell morphology, intercellular gap formation in con-
Results
fluent monolayers, and intracellular actin filament reorganization
TNF-␣ Causes Microtubule Destabilization in Human
(stress fiber formation, cortical or perinuclear actin organization).
Pulmonary Artery Endothelial Cells
Staining for VE-cadherin, acetylated tubulin, or ␤-tubulin was performed in a similar manner, with 1 h incubation at room temperaIn endothelial cells, the microtubules organize into a fine ture with the primary antibody, followed by three washes with lattice network that spans the entire cytoplasm extending 
Decrease in TER
according to the manufacturer's instructions.
We examined TNF-␣-induced changes in endothelial cell permeability utilizing the electrical cell impedance sensor technique, a method extensively validated as a surrogate Apoptosis Assay measurement of permeability for the endothelial monolayer Quantitation of apoptotic endothelial cells was obtained using (12) (13) (14) , in which endothelial cells are grown to confluence induced TER decrease, suggesting a role for microtubule de- The integrity of the endothelial cell barrier function is the potent tubulin assembly and stabilization, similar to pacliresult of a balance between contractile and tethering forces taxel (15) . Epothilone B induced similar magnitudes of TER that act on the endothelium. We have previously demonattenuation of the maximal TNF-␣ response (39.2% Ϯ 6.8, strated that the TNF-␣-triggered decreases in pulmonary Figure 2C ) when compared with paclitaxel. However, the TER are temporally associated with profound actin cyprecise mechanisms by which epothilone B stabilizes microtoskeletal rearrangement and cellular contraction (5) . In tubules may differ form paclitaxel, suggested by differences endothelial cell from other vascular beds (human umbilical seen in the shape of the effect on TNF-induced TER (Figveins or mesenteric veins) , it has been also shown that ures 2A and 2B). The attenuation in TNF-␣-induced per-TNF-␣ induces disruption in VE-cadherin cellular distribumeability was dose-dependent for both agents, with maxition, thus decreasing tethering forces on the monolayer mal effects obtained with 10 M of paclitaxel, and 0.1 M (17, 18). We next investigated whether there is a crosstalk epothilone B, respectively (data not shown). Because both between the microtubule and the actin cytoskeleton. Treat-TNF-␣ and microtubule-stabilizing agents are recognized ment of endothelial cell with paclitaxel alone (Figure 3 ) did inducers of apoptosis and may act synergistically in various not induce significant changes compared with control (not tumors (16), we evaluated whether they are inducing aposhown), the cells maintaining their polygonal shape, with ptosis in human pulmonary artery endothelial cells. Neither predominant actin cortical staining and tight intercellular contacts with uniform VE-cadherin distribution. TNF-␣ (20 TNF-␣ nor paclitaxel, at the concentrations and in the conditions (20% serum) evaluated in our endothelial permeng/ml, 3 h) induces actin stress fiber formation, cellular contraction, intercellular gap formation, and disruption of ability model, are associated with significant induction of Outcome of microtubule stabilization on TNF-␣-induced endothelial cell microfilament rearrangement and VE-cadherin subcellular distribution. Photomicrographs of endothelial cells exposed to paclitaxel (10 M; 3.5 h), TNF-␣ (20 ng/ml; 3 h), or both and stained for actin with Texas Red phalloidin (upper panels, red) or for both actin and VE-cadherin (lower panels: actin, red; VE-cadherin, green) and visualized with fluorescent microscopy. Microtubule stabilization inhibits TNF-␣-induced microfilament rearrangement that leads to cell shape changes, intercellular gap formation (arrowheads), and compromise in VE-cadherin intercellular contacts (arrows), with little effect on stress fiber formation. ton, with marked reductions in the amount of stress fibers and preservation of the cellular shape, intercellular contacts, and VE-cadherin distribution and staining pattern ( Figure  3 ). These results suggest than TNF-␣-triggered microtubule tion of p38 MAPK also prevented the TNF-␣-induced midisassembly is critical for most of the actin cytoskeletal and crotubule disassembly (detected with acetylated tubulin VE-cadherin changes.
staining) and endothelial cell actin rearrangement (Figure Role of p38 MAPK Activation in TNF-␣-induced 6). Pretreatment with SB203580 alone had no significant Endothelial Barrier Dysfunction, Microtubule impact on basal microtubule and actin cytoskeletal staining Disassembly, and Actin Rearrangement (not shown). These results suggest a novel critical role of p38 MAPK activation in TNF-␣-induced microtubule reExposure of human pulmonary artery endothelial cells to modeling, actin cytoskeletal changes, and subsequent endo-TNF-␣ (20 ng/ml) resulted in an early (5 min) and robust thelial cell barrier dysfunction, as shown in Figure 7 . increase in p38 MAPK phosphorylation consistent with enzymatic activation ( Figure 4A ). Both the time-course of Discussion the TNF-␣-induced p38 MAPK activation and the lack of inhibition in the paclitaxel-pretreated cells ( Figure 4B) TNF-␣ is a proinflammatory cytokine produced by activated indicate that TNF-␣-induced p38 activation precedes the leukocytes and endothelial cells resulting in upregulation microtubule disassembly. To explore the role of p38 MAPK of endothelial adhesion molecules, alterations in endothein endothelial cell permeability and actin and microtubule lial cell permeability (4, 5), and increased edema in isolated cytoskeletal rearrangement, we used a pharmacologic apperfused lungs (19) . The endothelial cell barrier function proach with a specific p38 MAPK inhibitor, SB203580
is maintained by the balance between the tethering and (20 M, 45 min). As seen in Figure 4A , this inhibition comcontractile forces acting on endothelial cells, which are critipletely abolished TNF-␣-induced p38 MAPK activation.
cally dependent upon cytoskeletal components, including Pretreatment with SB203580 consistently resulted in sigthe actin-based microfilaments, intermediate filaments, and nificant inhibition of TNF-␣-induced permeability ( Figure  microtubules . TNF-␣-induced endothelial cell activation in-5A) with an average of 68% inhibition ( Figure 5B ), whereas cludes actin cytoskeletal rearrangement, with an increase SB203580 alone fails to cause any significant change over in actin stress fiber formation followed by intercellular gaps control in TER ( Figure 5A) . Consistent with the effects of formation (5, 17, 20, 21) . We have previously demonstrated that although TNF-␣ triggers MLCK and Rho kinase-SB203580 on TNF-␣-induced barrier dysfunction, inhibi- dependent actin cytoskeletal rearrangements, the endotheendothelial cell microtubule network concomitant with the lial cell permeability is unaltered by inhibitors of these two onset of increased endothelial permeability, and that preenzymes.
vention of microtubule assembly significantly inhibits the Thus, the mechanism of TNF-␣-triggered endothelial effect of TNF-␣ on the endothelial barrier function. We barrier dysfunction may involve MLCK-independent minext showed that microtubule stabilization inhibited actin crofilament changes and/or other cytoskeletal structures, rearrangement, VE-cadherin redistribution, and intercellusuch as intermediate filaments, microtubules, and adherens lar gap formation in response to TNF-␣, suggesting imporjunction proteins. In this study we evaluated the role of the tant crosstalk between the microtubule cytoskeleton, the endothelial cell microtubule network in TNF-␣-induced actin microfilaments, and the zonula adherens proteins. Albarrier dysfunction. We found that TNF-␣ destabilizes the though it has been previously reported that TNF-␣ leads to changes in the microtubule network (7), there is limited information available as to how the microtubule network may affect cellular shape and its contractile properties. Danowki et al found that microtubule disassembly led to an increase in nonmuscle (fibroblast) cell contractility and focal adhesion assembly, which was prevented by microtubule stabilization (22) . Our laboratory has found that nocodazole-induced microtubule disruption leads to MLCK-independent, but Rho kinase-dependent MLC phosphorylation, actin rearrangement, and increased permeability in bovine pulmonary artery endothelial cells (8) , suggesting that the microtubules are opposing cellular contraction. In response to TNF-␣, however, the mechanisms by tubule stabilization prevented the disruption in VE-cadhkinesin, an ATPase that mediates plus end-directed transerin staining, suggesting that TNF-␣-induced microtubule port of organelles along microtubules (31). Although we disassembly triggers changes in VE-cadherin subcellular do not know yet the precise mechanism by which p38 distribution, potentially weakening the intercellular junc-MAPK leads to microtubule remodeling in our model, our tions. Although microtubule disassembly may modulate work suggests that this pathway is of critical importance in TNF-␣-induced cellular responses through additional TNF-␣-induced endothelial cell permeability. An impormechanisms, these are less likely to be significant for our tant role for p38 MAPK in endothelial permeability has model. For example, an intact microtubule network was been previously implicated in TNF-␣-induced permeability reported to be important for the maintenance of the steadyin human umbilical vein endothelial cells (32, 33) and also state of TNF-␣ receptor (23) , hence its disruption leading in response to VEGF (34) and hydrogen peroxide (35) , but to a downregulation of the TNF-␣ response, which is not the precise mechanisms by which p38 MAPK leads to endoobserved in our permeability assays. Also, it is known that thelial cell barrier dysfunction are not known. Given the in several cell types microtubule stabilization (paclitaxel) more effective inhibition of TNF-␣-induced barrier dysleads to apoptosis, and this effect is synergistic to TNF-␣-function with the SB203580 compared to the microtubule induced apoptosis (24) . In our model, however, apoptosis stabilizing agents, it is likely that the downstream effects is not a prominent feature ( Figure 2D ). We have also preof p38 MAPK activation encompass multiple cellular pathviously reported that TNF-␣-induced permeability develways, in addition to the microtubule cytoskeleton (scheops independently from apoptosis (5). The dichotomy bematic in Figure 7) . The actin cytoskeleton function may be tween apoptosis and permeability is also suggested by regulated by p38 MAPK via direct activation of MAPKsimilar magnitudes and kinetics of permeability in human activated protein kinase-2 (MAPKAP kinase-2), which in and bovine pulmonary endothelial cells exposed to TNF-␣, turn phosphorylates and activates an actin-binding protein, although their sensitivities to TNF-␣-induced apoptosis are heat shock protein 27 (HSP-27). Nonphosphorylated HSP-27 different. In standard culture conditions human pulmonary normally exists in high molecular weight multimers that artery endothelial cells are resistant to TNF-␣-induced apopserve as chaperones. Serine phosphorylation of HSP-27 retosis ( Figure 2D ) (25), whereas bovine pulmonary artery sults the dissociation of HSP-27 into monomers and dimers endothelial cells exhibit enhanced apoptosis in response to with redistribution of HSP-27 to the actin cytoskeleton and TNF-␣ (5, 26). TNF-␣ actually activates the pro-survival Akt subsequent actin reorganization into stress fibers (36) (37) (38) (39) . pathway in human endothelial cells (27) , explaining dimin-
In conclusion, our results indicate that microtubule deished apoptosis levels when compared with background stabilization contributes to both TNF-␣-induced endothecontrol. A similar phenomenon of increase in pulmonary lial cell actin microfilament cytoskeletal changes and barrier endothelial cell permeability independent of apoptosis has dysfunction. We also showed that p38-MAPK activation is also been reported in response to lipopolysaccharide (28) . a critical signaling event in the TNF-␣-induced endothelial We showed that TNF-␣ triggers microtubule network barrier dysfunction, by regulating the microtubule and actin disassembly, and that the microtubule cytoskeleton medicytoskeleton remodeling. Future work will help understand ates TNF-␣-induced pulmonary endothelial cell permeabilthe precise mechanisms by which the MAPK signaling pathity through cellular shape changes involving the actin cyways regulate cytoskeletal functions. Elucidation of the toskeleton and the zonula adherens proteins. The precise complex orchestration of the endothelial barrier function mechanisms by which TNF-␣ leads to this sequence of will lead to potential therapies for the pulmonary edema events are not well understood. The MAPK pathways are seen in acute lung injury syndromes. important intracellular signaling pathways that are activated
